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ABSTRACT 

We study the influence of a strong AGN outburst on the surrounding galaxies. The 
AGN is assumed to reside in a group of galaxies, and an outburst excites a shock wave 
in the hot gas in the group. We calculate the impact of the shock wave on the galaxies. 
We find that if the energy of the outburst is extremely large (E'agn ~ 6 x 10^"'^ erg) 
as the one recently observed in clusters, the impact is strong enough to strip the 
cold interstellar medium in the disc of the galaxies in the inner region of the group. 
Moreover, even in the outer region of the group, the warm gas in the halo of the 
galaxies would be stripped, even if the energy of the outburst is ~ 6 x 10^° erg. These 
would decrease star formation activity of the galaxies. If these galaxies fall into the 
group centre through dynamical friction and their interstellar medium is the fuel of 
the supermassive black hole in the AGN, the outburst would serve as feedback. While 
this mechanism works only when i?AGN is extremely large, such outbursts have not 
been observed in groups at low redshift; it would work at high redshift rather than at 
low redshift. 

Key words: galaxies: active - galaxies: clusters: general - galaxies: interactions - 
galaxies: intergalactic medium. 



1 INTRODUCTION 

X-ray observations have shown that hot gas in groups 
. and clusters of galaxies has been heated by some sources 
in addition to gravity. This was shown by the fact that 
the luminosity and temperature of a group or cluster fol- 
1 low a scaling relationship (the Ly^-T relation ) , Lx oc , 
("Edge & Stewart' 'l99l'; 'Al len fc Fabiaiil 1 19981 : iMarkevitchI 
[l9i)8; Arnaud & Evrard 1999|)7 which is at odds with that 
expected for groups and clusters for med by gravi tational 
structure formation, with Lx oc (|Kaiserl 1 19861 ). More 
recently, it was shown that the entropies of the hot gas 
in groups and clusters, especially groups, are higher than 
those predicted by models of gravitation al structure forma- 
tion (|Ponman. Cannon, fc Navarroll 19991 ). 

Supernova-driven galact ic winds have been c onsid- 
ered the heating source (IWu. Fabian, fc NulsenI 1 19981 : 
iMenci fc Cavalierel I2OO0I : iLoewensteinl I2OOO ') . However, the 
energy from supernovae alone seem s to be insufBcient to 
heat the hot gas to the observed level ([Valageas fc Silklll999l : 



IWu. Fabian, fc NulsenI [2OO0I : iBower et al.ll200ll ). Therefore 



active galactic nuclei (AGNs) are now recog nised as another 
prom ising candidate of the heating source l|lnoue fc Sasakil 
I2OOII ). 

AGNs are often found at the centres of groups 
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and clusters ("McNama ra et all I2OO0I : iFabian et aH I2OO0I : 
[Blant on ct al. 2001). The energy ejected by an AGN can 
cancel radiative cooing of the hot gas and may prevent de- 
velopment of a cooling flow in the central region of a group 
or a cluster. For most of the AGNs at 2 ~ 0, however, the 
power is not enough to heat the hot gas on a group or cluster- 
scale, and would be insufficient to account for the entropy ex- 
cess found in groups and clusters. Recently, however, shock 
waves associated with extremely p owerful AGN outbursts 
have been found in so me clusters jMcNamara et al. 



iNulsen et al. I l2005al lbl: IWise et al.l l2007l : iGitti et al.1 120071 ) 



20051: 



They seem to be powerful enough to heat the gas on a group 
or cluster-scale. 

Such strong outbursts would also affect the surround- 
ing environment in a form other than heating. For exam- 
ple. lFuiita et HI JioOTl) showed that the shock wave excited 
by an outburst accelerates particles and that the emission 
from the accelerated particles co uld be responsible fo r radio 
mini-halos observed in clusters. iRawlings fc Jarvi3 (|2004l ) 
discussed the regulation of galaxy formation by outbursts. 

In this letter, we consider another effect of strong AGN 
outbursts on the environment. We focus on the interaction 
between the shock wave produced by an outburst and the 
galaxies surrounding the AGN. We consider an AGN and 
galaxies in a small group of galaxies with the mass of IO^'^Mq 
rather than a cluster of galaxies. In clusters, another inter- 
action between the hot gas and the galaxies, called ram- 
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pressure stripping, is effective (see Section |4]). Thus, the in- 
fluence of AGN outbursts would be obscured. 

It should be noted that such strong o utbur sts are rare 
phenomena at low redshift. iGitti et alj (|2007l ) estimated 
that strong outbursts (-Bagn ~ 10®^ erg) are likely to oc- 
cur only ~ 10% of clusters at low redshift. For groups, the 
fraction may even be smaller because such outbursts have 
not been observed . However, at hig h redshift, they would 
be more common l|Ueda et al.ll200a see Section UJ. In this 
letter, the cosmological parameters are flo ~ 0.3, Ao ~ 0.7, 
and h = 0.7, where Ho = 100 /ikms"^ Mpc~\ 



2 MODELS 

2.1 Dark Matter and Gas Profile 

Using one-dimensional hydrodynamic simulations, we esti- 
mate the impact of the shock wave created by an AGN out- 
burst on galaxies. We assume that an AGN is located at the 
centre of a group of galaxies with the virial mass of Mvir 
and that the group is spherically symmetric. For the mass 
distr ibution of the group, we adopt t he so-called NFW pro- 
file (|Navarro. Frenk. fc Whitel Il997l '). ahhough later stud- 
ies indicated that the cen tral cusp would be steeper (e.g. 
iFukushige fc Makino|[l99711 . The mass profile is written as 



M{R) oc 



In 



R 



Rs(l + R/Rs) 



(1) 



where Rs is the characteristic radius of the group. The nor- 
malisation can be given by M(_Rvir) = M^ii, where i?vir is 
the virial radius of the group. 
The virial radius is given by 



Rv 



1 1/3 



47rAe(z)pc(2 



(2) 



where Ac{z) is a spherical over-density of the virialized dark 
halo within _Rvir at redshift z, in units of the critical density 
of the Universe at z, or Pcjz ) . For Ac{z), we use the fitting 
formula of .Brva n fc Normanll|l998l ') for a flat Universe with a 
non-zero cosmological constant, Ac{z) = IStt^ -|- 821 — 39a;^, 
where x = fl{z) — 1 and Q{z) is the cosmological density 
parameter at redshift z. The concentration parameter of the 
group, Cvir = Rvir/Rs, IS given by 



9 



Mvir 



1+Z V 1-5 X 10l3/l-lM(: 



(3) 



ijBullock et al.ll2001^ . 

Initially, hot gas or intragroup medium (IGM) is in 
pressure equilibrium with the gravitational potential formed 
by the group. We assume that the initial IGM density and 
temperature proflles follo w the 'universal proflle' derived by 
iKomatsu fc SeliakI (|200lh . They can respectively be written 



Pigm(-R) = /5igm(0)j/igm(-R/-Rs) , 

TlGM(r) = TiGM{0)y^GM{R/Rs) , 

where 

-y'-ll- \ 1 
2/lGM i^) = 1 



770 7' m(Cvir) 



ln(l + x) 



(4) 
(5) 

(6) 



m{x) — ln(l + x) — x/{l + x) 



(7) 



The parameters rjo and 7' can be derived from the condition 
that the IGM and dark matter proflles are the same in the 
outermost region of the group (iKomatsu fc SeliakllioOll ). 
We solve the following equations: 
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(8) 



(9) 



(10) 



where G is the gravitational constant, and p and Vigm are 
the pressure and velocity of the IGM, respectively. The total 
energy is defined as e = p/(7 — 1) -|- PigmV[gm/2, where 
7 — 5/3. Although we include the cooling function A(riGM), 
the evolution of the shock is faster than the radiative cooling. 
The electron density is defined as ric = 0.86piGM/m-p, where 
nip is the proton mass. We ignore the self-gravity of IGM. 



2.2 The Criterion for Stripping 

The cold interstellar medium (ISM) in the disc of a galaxy 
would be stripped when a shock wave excited in the IGM 
passes the galaxy. Since the shock wave passes the galaxy in 
a short time (less than the dynamical time or the rotation 
time of the galaxy), momentum transfer causes stripping to 
occur. The integrated momentum from the IGM per unit 
area at radius R is 



s{t,R) 



piGM{t, R)ViGM{t, R)dt . 



(11) 



Thus, the criterion of stripping for a galaxy at radius R is 



S(t, R) > ElSM^C; 



(12) 



where Sism is the column density of the cold ISM in the 
galactic disc, and iicsc is the escape velocity of the galaxy. 
Strictly speaking, this relation is valid only when the galaxy 
is face-on; if not, the stripping would be less efficient. In this 
relation, we assume that the galaxy is not moving relative 
to the group. The AGN explodes at t = 0. 

The escape velocity is given by Uosc ~ , where «rot 

is the rotation velocity of the galaxy. (T he ISM may stay in 
the ha lo of the galaxy with this velocitv.l lMo. Mao, fc Whitel 
(j 19981 ) indicated that for a given iirot the total disc surface 
density of a galaxy, E^., is proportional to the Hubble con- 
stant at redshift z: 

H{z) = Ho[\o + (1 - Ao - fio)(l + zf + fio(l + zf]^'''{l?,) 

Following iFuiita fc Gotol l|2004 ). we assume that the ISM 
column density is proportional to the disc surface density 
(EisM oc Et). Thus, the former is given by 



Eism(2) = T.isMiQ)H{z)/Ho . 



(14) 



Moreover, we assume that the disc radius of a galaxy has a 
relation of 
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r,,,{z) = r,,i{0)[Hiz)/Hor' (15) 
||Mo et al.lll99i ). 



3 RESULTS 

We consider the influence on galaxies in groups exerted by an 
extremely strong AGN outburst that has not been observed 
in low-redshift groups. We assume that the mass of a galaxy 
group is Afvir = 1 X 10" Mq. We set Eism(O) = 8 x 10^° mp 
and rgai (0) = 10 kpc. We fix the rotation and escape veloc- 
ities of the galaxy at Urot = 220 km s~^ and Vcsc ~ v^Urot, 
respectively. These parameters are those for the Galaxy (e.g. 
ISpitzeij[l97i ). 

Since we do not know much about the sources of the 
non-gravitational heating in groups and clusters (Section[l]), 
we assume that the IGM has not been non-gravitationally 
heated at t = for the sake of simplicity. In other words, 
the IGM is non-gravitationaUy heated for the flrst time by 
the AGN outburst we consider below. Thus, we assume that 
the mass fraction of the IGM in the group is the same as 
the baryon fraction of the Universe and is 0.15. If the IGM 
has been non-gravitationally heated, the mass fraction and 
density of the IGM would be lower and the influence of the 
shock wave on galaxies would be smaller. 

First, we assume that the AGN at the group centre 
ejects an energy of -Eagn = 6 x 10®^ erg, which is the one 
estimated for the cluster MS 0735.6-1-7421 (jMcNamara et all 
l2005h . The energy is kinematically given to the IGM for 
R = 10-20 kpc at t = 0; the details of the energy input do 
not affect the results. We use 1000 unequally spaced meshes 
in the radial coordinate to cover a region with a radius of 
600 kpc. The inner boundary is set at _R = 1 kpc. 

Fig. [ija) shows the evolution of the IGM density profile 
for the group at z = 0. The parameters of the group are 
Rvii ~ 560 kpc and Cvir ~ 9.9. The outburst is strong enough 
to blow away most of the IGM. The shock reaches the virial 
radius at f « 1.6 x 10* yr. Fig. [TJb) shows the evolution 
of s/so, where so = Eism^csc (see equation [12]) . Fig. [TJb) 
indicates that the cold ISM in the galactic disc is stripped 
for R < 220 kpc because s/so>latf = oo. The profile 
s{t, R) does not change after the shock passes the outermost 
region of the group. We refer to this final profile as st{R) 
[— s(t = (X, R)]. Of course, the ISM of galaxies with Vrot < 
220kms~^ is more easily stripped for a given Eism. 

Fig. [2] shows the evolutions at 2; = 2. The parameters 
of the group are iivir = 230 kpc and Cvir = 3.3. The shock 
reaches the virial radius at f ~ 6 x 10^ yr. The profile Sf/so 
in Fig. [IJb) indicates that the ISM in the galactic disc is 
stripped for R < 130 kpc. 

We also considered the case when the energy ejected by 
the AGN is smaller. Fig. [3] shows the evolutions a,t z — 2 
when -Eagn = 6 x lO''" erg. The shock reaches the virial 
radius at t ~ 2 x 10** yr. Since Sf/so < 1 in the entire group, 
the ISM in the galactic disc is not stripped (Fig. [Sjs). 



4 DISCUSSION 

We found that in the inner region of a group, the cold ISM in 
the disc of a galaxy is stripped by the shock wave if -Eagn = 
6x 10'^^ergs-\ We compare the effect with that of the usual 
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Figure 1. The evolutions of profiles at z = 0. (a) The density 
profiles at i = 0, 5, 20, and 80 Myr. The curve at t = 80 Myr is 
omitted at small R because it is afi'ected by the inner boundary 
condition, (b) The profiles of s/sq at i = 5, 20, 80 Myr, and 
t = 00. 
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Figure 2. Same as Fig. [l]but for 2 = 2. 



ram-pressure stripping through the motion of a galaxy in the 
IGM. The typical velocity of galaxies in a group is 

vg^i = y^GM~/R~ . (16) 

For the group with A/vir = 10^^ Mq, the velocity is Ugai = 
280 km s~^ at z = and Ugai = 440 km s~^ at 2: = 2. 

The condition of usual ram-pressure stripping owing to 
the motion of a galaxy is determined by the long-term (larger 
than the dynamical time of the galaxy) balance between the 
ram-pressure from the IGM and the gravity of the galaxy. 
Thus, the ram-pressure stripping is effective when 

/5lGMf|al > 27rGE*ElSM 
= Wrot'^gal^ISM 
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Figure 3. Same as Fig.[T]but for 2 = 2 and Sagn = 6 x 10^" erg 
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Gottlll972l : iFuiita fc Nagashimalll999l ) . From equa- 
tions (|14p and (|15p . one finds tiiat the rigiit liand of tlie 



relation is proportional to H{z) for a given v^ot- Thus, 
from equations p6|l and (|17p . the ram-pressure stripping 
is effective for ric > 1.4 x 10^^ cm~^ at 2; = and rie > 
5.0 X 10"^ cm~^ at z = 2. Figs.[Ti;a) and [2]; a) indicate that 
the effect of the ram-pressure stripping can be ignored. This 
means that the stripping by a shock wave overwhelms the 
usual ram-pressure stripping in groups. However, in groups 
and clusters with larger Mvir, the ram-pressure stripping 
should be more effective because the typical velocity of 
galaxies, v^ai, is larger. 

Even if Sf/so < 1, the shock wave would affect the evo- 
lution of a galaxy. It is often assumed that the cold ISM in 
the disc of a galaxy is supplied from the warm gas in the 
halo. If most of the gas in the halo is stripped, the ISM in the 
disc is gradually consumed through star formation without 
supply. This is followed by gradual decrease of star forma- 
tion activity of the galaxy, which is often called 'strangula- 
tion' and is considered to be associated with the evolution of 
galaxies in galaxy groups llLarson, Tinslev. fc Ca ldwell 1 980l: 
Balogh. Navarro, fc Morris! I2OO0I : iBekki Couch, fc Shioval 



2002riFuiitall2004l:lKawata fc Mulchaev^l2007^ . From X-rav 
observations, Pedersen et al.l ( 20061 ) actually detected the 
halo gas in a massive galaxy NGC 5746. However, the rota- 
tion velocity of the galaxy is very large {vrot = 318 kms~^) 
and the result could not apply to the galaxy we consider 
here (wrot = 220 km s~^). Therefore, we use the results 
of the observations of NGC 5170 (tJi- ot = 247 km s~M for 
which the hal o gas was not detected jPedersen et al.ll2006l : 
iRasmussen et a l. 2006). 

For our cosmological paramete rs, the upper limit of th e 
meiss of the halo gas is 1.4 x 10^ M© (|Rasmussen et al]l2006l ). 
Assuming that th e halo gas resides in a cylinder of a base 
radius of 38 kpc (jRasmussen et al]l2006f ). the column den- 



sity in the direction of the height is < 4 x 10^ rup cm~ . 
Therefore, we assume that the column density of the halo 
gas is Shaio(O) < 4 X 10^® nip cm~^ and Ehaio(z) oc H{z) as 
equation (fT4)) . Since EhaioWosc < 0.05Eismi'csc = 0.05 so for 
our model galaxy, the halo gas would be stripped even when 
Sf/so ~ 0.05 or smaller. 

For _Eagn = 6 X lO''^ erg. Fig. ^h) and Fig. [g^b) show 
that Sf/so > 0.05 up to the virial radius of the group 
(560 kpc for z = and 230 kpc for z = 2). Thus, most 
galaxies in the group would be affected by the outburst of 
the central AGN. Even if -Eagn = 6 x 10*^° erg, the influ- 
ence of the AGN outburst cannot be ignored for R < R^ii 

(Fig. Eh). 

After the cold ISM (or the halo gas) is stripped by the 
outburst, the colour of the galaxies would become red due 
to the lack of star formation. Some of th e galaxies would b e 
observed as passive spiral galaxies (e.g. iGoto et al.ll2003l ). 
Some would also fall into the group centre through dynami- 
cal friction, and eventually merge with the central galaxy in 
which the AGN responsible for the outburst resides. Since 
the fallen galaxies no longer have ISM, they do not supply 
gas to the supermassive black hole in the AGN. Thus, the 
outburst would serve as a kind of feedback mechanism for 
the growth and activity of the black hole. 

At low redshift, radio and X-ray observations indicate 
that the stripping by AGN outbursts may not be common. 
After the outburst, the X-ray luminosities of the groups we 
considered reduce to ~ 0.1% of the initial values and be- 
come ~ lO**" erg s~^ for R < 0.3 i?vir. Here, we do not in- 
tegrate the luminosities up to i?vir, because it is difficult to 
detect X-ray in the outermost regions of groups l|Mulchaevl 
I2OOOI) . The luminosities of the IGM after the outburst are 
smaller than those of groups from which X-ra y emission 
from the IGM has been detected (~ lO*'^ erg s~^: iMulchaevI 
I2OOOI ). If the stripping by AGN outbursts were common, the 
lack of cold ISM in galaxies should be confirmed more in 
groups lacking for X-ray emission. However, radio (Hi) and 
X-ray observations of nearby groups showed the opposite 



3ppc 

trend (Sengupta. Balasubramanv am. fc Dwajakanathll2007l : 
IV erdes-Montcncgro et aL 2007), although the cause is not 
known. 

On the other hand, we suppose that the stripping by 
AGN outbursts occurred more often at high redshift (say 
z ~ 2). This is because strong outbursts were more com- 
mon at that time. For example, radio observations showed 
that there are a number of AGNs with the jet power of 
>10^^_erg s"^ at z > 0.5 (iRawUngs fc SaundersI [l99ll : 
iDalvl [l995h . Conside ring typical duration of an AGN ac- 
tivity (~ lO'^-lO* vr: lRawlings fc Saunderill99ll ), the total 
energy injected through an activity is > 10^^ erg. More- 
over, it has been indicated that luminous AGNs tend to 
be found at higher re dshifts (z ~ 2) in compariso n with 
less luminous AGNs (|Ueda et al.l l2003l : [Kauffmann et al.l 
l2007t ). Furthermore, optical observations often found clus- 
tering of red galax i es around radio galax ies at z > 1 (e.g. 
iNakata et ai]|200ll : IXaiisawa et aLll2006l ). The activities of 
the radio galaxies might have affected the star formation 
of the surroundin g galax i es as we predict. From a theoreti- 
cal point of view. iFuiital (|200ll ) indicated that strong AGN 
outbursts at 2 > 1 blew out the IGM from groups (ances- 
tors of present-day groups or clusters), and they could be 
responsible for the low metal abundance observed in groups 
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(~ 10" Mo) at z ~ (|Renzinilll99"7l ). Although these stud- 
ies do not directly prove the stripping by AGN outbursts, 
they are at least consistent with our model. In the future, 
galaxies lack of cold gas would be observed inside the cocoon 
or the shock produced by an outburst. 



5 CONCLUSIONS 

We have investigated the influence of an AGN outburst 
at the centre of a galaxy group on the galaxies surround- 
ing the AGN. If the energy of the AGN is extremely large 
(Eagn ~ 6 X 10^^ erg) as the one recently observed in 
clusters, the shock wave excited by the outburst strips the 
cold ISM in the disc of the surrounding galaxies locating at 
R ~ 100-200 kpc from the AGN. The effect of the strip- 
ping can be much stronger than that of usual ram-pressure 
stripping owing to the motion of the galaxies in a group. 
However, the stripping of the cold ISM in the disc is not 
effective if Eagn ~ 6 x lO''" erg. 

We also showed that even if the cold ISM in the disc 
of the galaxies is not stripped, the warm gas in the halo 
would be stripped by the shock wave. This could be effec- 
tive for the whole galaxies in the group up to the virial radius 
even when -Eagn ~ 6 x 10^'' erg. The star formation activi- 
ties of those galaxies would decrease gradually because the 
ISM consumed by the star formation is not compensated 
from the gas in the halo (strangulation). Our results indi- 
cate that even one strong AGN outburst significantly affects 
the evolution of galaxies in groups. After the stripping, the 
galaxies should become red because of the decrease of the 
star formation rate. 

The success of this model depends on the assumption of 
an extremely strong outburst. Since such outbursts have not 
been observed in galaxy groups at low-redshift, the stripping 
by them would not have strong influence on the evolution of 
galaxies at low-redshift. However, we suppose that it would 
be at high redshift where extremely strong AGN activities 
have often been observed. 
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